M2-polarized tumor-associated macrophages (TAM) play a critical role in cancer invasion and metastasis. Here, we report that M2 macrophages enhanced metastasis of K7M2 WT osteosarcoma cells to the lungs in mice, thus establishing M2 TAMs as a therapeutic target for blocking osteosarcoma metastasis. We found that all-trans retinoic acid (ATRA) inhibited osteosarcoma metastasis via inhibiting the M2 polarization of TAMs. ATRA suppressed IL13-or IL4-induced M2-type macrophages, and then inhibited migration of osteosarcoma cells as promoted by M2-type macrophages in vitro. ATRA reduced the number of pulmonary metastatic nodes of osteosarcoma and decreased expression of M2-type macrophages in metastatic nodes both in intravenous injection and ortho-topic transplantation models. ATRA's effect was independent of conventional STAT3/6 or C/EBPb signaling, which regulate M2-like polarization of macrophages. Quantitative genomic and functional analyses revealed that MMP12, a macrophagesecreted elastase, was elevated in IL13-skewed TAM polarization, whereas ATRA treatment downregulated IL13-induced secretion of MMP12. This downregulation correlates with the antimetastasis effect of ATRA. Our results show the role of TAM polarization in osteosarcoma metastasis, identify a therapeutic opportunity for antimetastasis treatment, and indicate ATRA treatment as an approach for preventing osteosarcoma metastasis via M2-type polarization intervention. Cancer Immunol Res; 5(7); 547-59. Ó2017 AACR.
Introduction
Osteosarcoma accounts for 60% of all malignant childhood bone tumors (1) . With combined treatment (neoadjuvant chemotherapy, surgery, and adjuvant chemotherapy), the 5-year survival rate of patients with no metastatic disease at diagnosis is 60% to 70% (2); for patients who present with metastasis, the chance of survival drops to less than 30% (3) . Treatment-refractory pulmonary metastasis is the major complication of osteosarcoma.
Microenvironment determines tumor progression and metastasis (4) . The presence and density of tumor-associated macrophages (TAM) correlates with tumor cell proliferation, invasion, metastasis, and poor prognosis (5, 6) . TAMs comprise up to 50% of the total tumor volume and predominantly display an M2 (alternatively activated) phenotype (7) . M2-type TAMs are key drivers of tumors behavior, affecting tumor progression and metastasis. In many cancers, including breast (8) , prostate (9) , colon (10) , and stomach (11) , M2 TAMs contribute to neoplastic metastasis by stimulating inflammation, angiogenesis, invasion, intravasation, and tissue remodeling (5, 12, 13) . Clinical studies show that osteosarcoma tumors were infiltrated with a heterogeneous population of TAMs, including both M1 (classically activated) and M2 phenotypes. In osteosarcoma, the constitutive presence of M1 macrophages may have an antimetastatic rather than a prometastatic effect (14) .
Here, we investigated the metastatic effect of M2-type macrophages in osteosarcoma. Our data showed that M2-type macrophages promote pulmonary metastasis of osteosarcoma. We conclude that TAMs, especially M2 TAMs, may be a therapeutic target for blocking osteosarcoma metastasis.
To identify a regulatory molecule, we studied all-trans retinoic acid (ATRA), the active derivation of vitamin A, which regulates polarization of macrophages. ATRA induces cellular differentiation and arrests proliferation of tumor cells (15, 16) . ATRA activates transcription factors such as STATs, C/EBPb, which regulate TAM polarization in cancer cells (17) (18) (19) . ATRA also inhibits the invasion of human breast cancer cells and gastric cancer cells (20) (21) (22) . Although ATRA affects tumor-promoting abilities of TAM (23) , its role in educating TAM remains unclear. Here, we studied the effect of ATRA on metastasis of osteosarcoma cells.
We determined that M2-like macrophages could promote pulmonary metastasis of osteosarcoma, and ATRA effectively skewed macrophages away from M2 polarization induced by IL13 and IL4. We also found that ATRA prevents migration of osteosarcoma cells both in vitro and in vivo. Thus, ATRA may be useful as an antimetastatic agent functioning to block M2 polarization of TAMs.
Materials and Methods

Materials
Recombinant IL13 and IL4 were purchased from Peprotech, recombinant IFNg was from R&D. LPS and ATRA was from Sigma. Clodronate Liposomes and PBS Liposomes were from clodronateliposomes.org. mmp408 was purchased from Merck.
Cell lines and cell culture RAW264.7 cells and K7M2 WT (wild-type) cells were obtained from the Cell Bank of the China Science Academy (March 2013 and September 2013) and maintained in DMEM containing 10% FBS. Following receipt, cells were grown and frozen as a seed stock as they were available. Both cell lines were passaged for a maximum of 2 months, after which new seed stocks were thawed. Both of the cell lines were authenticated using DNA fingerprinting (variable number of tandem repeats), confirming that no crosscontamination occurred during this study. Cell lines were tested for mycoplasma contamination at least every month. Both of the cell lines were maintained at 37 C in a humidified atmosphere containing 5% CO 2 .
Preparation of BMDM
Bone marrow isolation was performed as described previously (24) . Bone marrow cells differentiated into bone marrow-derived macrophages (BMDM) with M-CSF (Cell Signaling Technology). After a 3-day incubation, BMDMs were rinsed with DMEM to remove nonadherent cells and then cultured with 10 ng/mL IL13 or IL4 for additional 5 days.
Preparation of K7M2 WT cell supernatant for RAW264.7 treatment
Once the K7M2 WT cells in 6-well culture plates had been cultured to 80% cell confluence, the DMEM medium was replaced with fresh medium with 2% serum and the cells were incubated for a further 24 hours followed by the harvesting of the supernatants from the cultures. Supernatant was centrifuged at 2,000 rpm to separate out the debris and stored at À80 C. RAW264.7 cells were treated with K7M2 WT supernatant to a final concentration of 50% (v/v) for 48 hours.
Conditioned medium preparation
Macrophage polarization was obtained by culturing cells with 20 ng/mL IL13 or IL4 for 48 hours. Where indicated, ATRA was added during macrophage polarization. Different polarized macrophages were incubated in serum free medium for 24 hours, after which culture supernatants were collected as conditioned medium (CM). CM was centrifuged at 2,000 rpm to separate out the debris and stored at À80 C. For stimulation with RAW264.7-CM (RM) or BMDM-CM (BM), K7M2 WT cells were supplemented with RM or BM to a final concentration of 50% (v/v).
Flow cytometry
Samples were incubated with PE-CD206, PE-CD86 (Biolegend), FITC-CD209 or FITC-F4/80 antibody (eBioscience) according to the manufacturer's instructions. For each sample, at least 1 Â 10 4 cells should be analyzed.
Reverse transcription PCR
The quantitative real-time RT-PCR analysis was performed by TAKARA SYBR Premix EXTaqTM. The reaction mixtures contain-ing SYBR Green were composed following the manufacturer's protocol. The sequences of the primers used for the quantitative RT-PCR were as follows: MRC1, forward: 5 0 -AGGGACCTG-GATGGATGACA-3 0 ; reverse: 5 0 -TGTACCGCACCCTCCATCTA-3 0 ; PPAR-g, forward: 5 0 -TTCGATCCGTAGAAGCCGTG-3 0 ; reverse: 5 0 -TTGGCCCTCTGATGAGGA-3 0 ; CCL3, forward: 5 0 -ACTGCCTGC-TGCTTCTCCTACA-3 0 ; reverse: 5 0 -AGGAAAATGACACCTGGCT-GG-3 0 ; CCL5, forward: 5 0 -CATATGGCTCGGACACCACTC-3 0 ; reverse: 5 0 -CGACTGCAAGATTGGAGCAC-3 0 ; MMP12, forward: 5 0 -TGGGCTTCTCTGCATCTGTG-3 0 ; reverse: 5 0 -TTTGGTGACAC-GACGGAACA-3 0 ; MMP14, forward: 5 0 -AGGCCAATGTTCGGA-GGAAG-3 0 ; reverse: 5 0 -TTCTCATGTCCCTCCCGGAT-3 0 ; MMP13, forward: 5 0 -CAGCTATCCTGGCCACCTTC-3 0 ; reverse: 5 0 -CAGG-CACTCCACATCTTGGT-3 0 ; MMP9, forward: 5 0 -AAACCCTGT-GTTCCCGTT-3 0 ; reverse: 5 0 -CAGGCTGTACCCTTGGTCTG-3 0 ; ACTIN, forward: 5 0 -GGTCATCACTATTGGCAACG-3 0 ; reverse: 5 0 -ACGGATGTCAACGTCACACT-3 0 . b-Actin was used as an internal control.
Matrigel invasion assay
Invasion assay was performed using membranes coated with Matrigel matrix (BD Science). Cell suspension (2 Â 10 4 cells/mL) was placed in the top chamber with 0.2 mL different CM. For antibody neutralization invasion assay, antibodies to MMP9 and MMP12 (EIAab, Wuhan Eiaab Science Co., Ltd) were added in the CM to a final concentration of 2 mg/mL. After 24-hour incubation at 37 C, invaded cells were fixed with 100% MeOH and then stained with crystal violet. The stained cells were subsequently photographed and quantified.
Wound-healing assay K7M2 WT cells were seeded in 24-well plates and cultured until they became 70% to 80% confluent. A pipette tip was used to make a straight scratch, and an artificial wound was formed. Image acquisition of wound fields was done. After different CM treatment for 24 hours, wound closure documentation was done with a phase-contrast microscope (Leica DMI4000B; Leica Microsystems). Image analysis was conducted with Adobe Photoshop CS5 software.
Immunofluorescence
Cryostat sections were fixed and permeated. F4/80, CD209, and CD86 antibodies were used, followed by Alexa Fluor 488 or 594. Nuclei were visualized by staining DAPI. F4/80-positive cells were quantitated by ImageJ software.
Immunohistochemistry (DAB)
Paraffin-embedded tissue sections were dewaxed, rehydrated, and subjected to microwave with PH 9.0 Tris-EDTA buffer for F4/80, CD209 and CD86 staining. Then Histostain-Plus Kit was used by following the manufacturer's instructions. The protein expression levels of F4/80, CD209, and MMP12 were expressed as the mean integrated optical density (IOD), a parameter describing the total amount of antibody labeling in the section using ImageJ software. The IOD was log 10 transformed.
cDNA microarray
The RNA samples of were hybridized using Agilent Mouse Genome 4 Ã 44K Oligonucleotide Microarrays in the Shanghai Biotechnology Corporation. After scanning, hybridization signals were collected for further analysis. The entire microarray dataset is available at the Gene Expression Omnibus database under accession no. GSE73564.
In vivo experimental metastasis assay
Four-to five-week-old female balb/c mice (National Rodent Laboratory Animal Resource, Shanghai, China) were used for all experiments. All animal experiments were carried out in accordance with the Institutional Animal Use and Care Committee. After the mice were euthanized, all lungs were dissected and then fixed with formalin. Tissue sections were stained with hematoxylin/eosin. Coinoculated tumor model. K7M2 WT cells (1 Â 10 6 ) mixed with or without CM (1:3) were injected into the tail vein of mice for 10 days. The weights of the mice were recorded until the animals were euthanized.
In vivo pulmonary metastases animal study. The mice were randomly assigned to four groups: control, ATRA-treatment, Clodronate liposomes-treatment and ATRA combined with Clodronate liposomes treatment groups. Mice were daily pretreated with 20 mg/kg ATRA (i.g.) or 200 mL Clodronate liposomes (i.p.) for 7 days before K7M2 WT cells injection. Balb/c mice were then injected with K7M2 WT cells: intravenous (1 Â 10 6 cells) or intrafemural (1 Â 10 5 cells). Then after inoculation, mice received a daily treatment of 40 mg/kg ATRA (i.g.) for 1 to 2 consecutive weeks (intravenous injection) or 4 consecutive weeks (intrafemural injection), and 100 mL PBS liposomes or Clodronate liposomes (i.p.) three time per week. All mice underwent complete necropsy for confirmation of pulmonary metastases.
Ethics statement. Investigation has been conducted in accordance with the ethical standards and according to the Declaration of Helsinki and according to national and international guidelines and has been approved by the authors' institutional review board.
MMPs ELISA
MMP12, MMP13, and MMP9 antigen capture ELISA kits (EIAab, Wuhan Eiaab Science Co., Ltd) were used to assess MMP secretion in RAW264.7 cells supernatants by the manufacturer's instructions.
Statistical analysis
For all parameters measured, the values for all samples in different experimental conditions were averaged, and the SD was calculated. Statistical significance of differences between groups was determined with ANOVA or Student unpaired two-tailed t test.
Results
M2 TAMs promote metastasis of osteosarcoma cells in vivo
To study the role of macrophages in osteosarcoma metastasis, we injected K7M2 WT osteosarcoma cells together with RAW264.7 macrophage cells into the tail vein of mice and examined the numbers of pulmonary metastatic nodules. Mice transplanted with K7M2 WT and RAW264.7 cells had more metastatic nodules on lung surfaces compared with the control mice transplanted with K7M2 WT cells only ( Fig. 1A) . No overall weight difference was observed ( Fig. 1B) , but spleen and liver weights were increased in the RAW264.7 and K7M2 WT combination group when compared with those in the control group. We conclude that RAW264.7 activated immunologic function (Sup-plementary Fig. S1A and S1B). Histologic examination of micrometastatic lung lesions ( Fig. 1C and D) suggests that RAW264.7 macrophage cells enhanced both number and size of metastases of K7M2 WT cells. Furthermore, we found that M2-like TAMs (F4/80 þ CD209 þ ) were recruited to metastatic nodes in both groups; moreover, more M2 TAMs were detected in the lungs of the mice injected with both RAW264.7 and K7M2 WT cells than the mice injected with K7M2 WT cells alone. However, M1-like TAMs (F4/80 þ CD86 þ ) were undetectable in both groups ( Fig. 1E and F). Thus, M2-like TAMs were preferentially recruited to metastatic nodes. Neither cell type was detectable in the spleen in either group ( Supplementary Fig. S1C ). Thus, M2-skewed TAM polarization is attributable to enhanced metastasis of osteosarcoma cells.
ATRA inhibits M2 polarization of macrophages in vitro
Because accumulation of M2 TAMs correlates with tumor metastasis, we asked whether ATRA affected polarization of macrophages. We treated RAW264.7 cells with IL13 or IL4 alone or together with 1 mmol/L ATRA, and then determined the expression of CD206 þ (M2 marker) by flow cytometers. ATRA did not affect proliferation or viability of macrophages (Supplementary Fig. S2A and S2B). Stimulation either with IL13 or IL4 induced M2-type macrophages (25) . The percentage of CD206 þ cells increased from 1.56% AE 0.75% in control cells to 49.5% AE 1.96% in IL13-treated cells and 51.0% AE 0.67% in IL4-treated cells ( Fig. 2A ). ATRA decreased IL13 or IL4 induced CD206 expression, from 49.5% AE 1.96% in the IL13 group to 7.46% AE 0.08% in the IL13 and ATRA combination group, and from 51.0% AE 0.67% in the IL4 group to 9.44% AE 0.52% in the IL4 and ATRA combination group. MRC-1 and PPAR-g mRNA levels were reduced when ATRA was added ( Fig. 2B ). Similar results were also obtained in primary bone marrow-derived macrophages (BMDM). Upregulated expression of genes encoding of CD206 and M2 markers (MRC-1 and PPAR-g) induced by IL13 or IL4 was blocked by ATRA treatment (Fig. 2C ). Thus, ATRA inhibited M2-like polarization of macrophages in vitro.
We asked whether ATRA could affect M2 polarization of macrophages induced by osteosarcoma tumor cell CM. After K7M2 WT CM treatment, 39.4% AE 13.4% of RAW264.7 cells were CD206 þ ( Fig. 2E ). However, ATRA treatment reduced that percentage to 13.9% AE 2.35%. ATRA had a reverse effect on prestimulated for M2 TAM 48 hours with IL13 or IL4. Our results showed that ATRA could also reverse prepolarization M2 TAMs (Fig. 2F) .
We investigated the effect of ATRA in M1 polarization of macrophages. In RAW264.7 cells, ATRA further increased the percentage of CD86 þ cells and the mRNA expression of M1 marker genes (CCL3 and CCL5) induced by IFNg or LPS ( Supplementary  Fig. S2C and S2D ). In BMDM cells, ATRA had no effect on IFNg or LPS induced M1-like polarization of macrophages (Supplementary Fig. S2E and S2F ). Thus, we conclude that ATRA skewed TAM polarization away from the M2-like phenotype in vitro.
ATRA eliminates migration-promoting feature of M2 macrophages
We investigated the impact of ATRA on the migration-promoting feature of M2 macrophages. We found no effect of various CMs on survival or proliferation of K7M2 WT cells treated with RM for 24 hours ( Supplementary Fig. S3A ). We did, however, find that both RM and BM from IL13-or IL4-treated macrophages promoted the invasion of K7M2 WT cells. We used a Matrigel invasion assay, in which pores of Transwell plates block migration of noninvasive cells whereas invasive cells degrade the matrix and move through the Matrigel layer. RM and BM collected from cells treated with ATRA in addition to IL13 or IL4 and ATRA did not promote migration of K7M2 WT cells ( Fig. 3A-D) .
We also evaluated the effect of CM on migration of K7M2 WT cells. Cells seeded in medium in the upper part can migrate downward through pores of the membrane into the lower compartment, in which CM is present. We found that ATRA blocked this migration ( Supplementary Fig. S3B-S3E ). ATRA also delayed wound closure compared with IL13 or IL4 mono treatment ( Fig. 3E-H) . Taken together, these results indicate that ATRA might inhibit migration of M2-like macrophages.
We also determined the effect of CM on cell migration and wound-closure ability of human osteosarcoma cell lines (KHOS/NP and U2OS). IL13-induced RAW264.7 cells promoted cell migration and wound-closure ability of human osteosarcoma cells, but ATRA abrogated IL13's effect ( Supplementary Fig. S4B -S4D) without any cytotoxicity ( Supplementary Fig. S4A ). Thus, although M2-like macrophages regulated metastasis for both mouse and human osteosarcoma cells, the effect could be antagonized by ATRA.
ATRA inhibited metastasis of osteosarcoma cells in vivo
To evaluate the effect of ATRA in metastasis of osteosarcoma in vivo, we used an intravenous injection mouse model. In order to verify whether TAMs played a role in the metastasis process of osteosarcoma cells, we also used clodronate liposomes to chemically eliminate TAMs (26) . At first, treatment with either ATRA, clodronate liposomes, or combination did not affect the body weights of the mice (Fig. 4A ). We counted the number of macroscopic metastases on the lung surfaces of the mice transplanted with K7M2 WT cells, and the results showed that the number of macroscopic metastases in the mice treated with ATRA was 60% reduced in week 1 and 95% reduced in week 2 when compared with control mice (Fig. 4B and C) . Histologic examination was further used to count the number of micrometastatic lesions in lung tissues of the mice transplanted for 1 week, and similar results were also observed ( Fig. 4D ). Lung metastasis of osteosarcoma cells was reduced in the clodronate liposomes treated mice, and clodronate liposomes could not synergize with ATRA to inhibit metastasis of osteosarcoma cells ( Fig. 4A-C) . Considering clodronate liposomes achieved 80% to 90% macrophages (F4/80 þ cells) depletion in spleen ( Fig. 4E and F), our results indicated that ATRA could not further affect metastasis after the elimination of TAMs. Moreover, F4/80 þ CD209 þ (M2-like) TAMs were recruited to the lung metastasis in the control group, whereas ATRA and clodronate liposomes caused 37.0% and 43.0% reductions in M2 TAMs, respectively ( Fig. 4G and H) . These data suggest that ATRA could suppress pulmonary metastases of osteosarcoma via inhibiting M2 polarization of TAMs. ATRA inhibited M2 polarization of macrophages. A, Flow cytometric analysis of CD206 þ cells in RAW264.7 cells treated with IL13 and IL4 in the absence or presence of 1 mmol/L ATRA. Data represent mean AE SD from three independent experiments. B, The mRNA levels of MRC1 and PPAR-g in RAW264.7 cells treated with IL13 and IL4 alone or with 1 mmol/L ATRA. Data represent mean AE SD from three independent experiments. ÃÃÃ , P < 0.001 by an unpaired two-tailed t test (vs. untreated). #, P < 0.05; ##, P < 0.01; ###, P < 0.001 by an unpaired two-tailed t test (vs. combination). C, Flow cytometric analysis of F4/80 þ CD206 þ cells in BMDM cells treated with IL13 and IL4 in the absence or presence of 1 mmol/L ATRA. These data were generated from a single experiment. D, The mRNA levels of MRC1 and PPAR-g in BMDM cells treated with IL13 and IL4 in the absence or presence of 1 mmol/L ATRA. Data represent mean AE SD from three independent experiments. Ã , P < 0.05 by an unpaired two-tailed t test (vs. untreated). #, P < 0.05; ##, P < 0.01 by an unpaired two-tailed t test (vs. combination). E, Flow cytometric analysis of CD206 þ cells in RAW264.7 cells treated with the supernatant of K7M2 WT cells in the absence or presence of 1 mmol/L ATRA for 48 hours. Data represent mean AE SD from three independent experiments. F, Flow cytometric analysis of CD206 þ cells in RAW264.7 cells pretreated with IL13 and IL4 for 48 hours followed by ATRA treatment for another 48 hours. These data were generated from a single experiment.
We evaluated the antimetastasis effect of ATRA in an orthotopic transplantation mouse model (Fig. 5A ). ATRA treatment reduced lung metastases by 85.8% (P < 0.01 vs. control), and clodronate liposomes reduced metastases by 67.6% (P < 0.05 vs. control; Fig. 5B ). After ATRA treatment, no large pulmonary metastatic nodes (diameter > 400 mm) were observed in the lungs, and only a ATRA decreased lung metastasis of osteosarcoma in an intravenous injection mouse model. Balb/c mice were intravenously injected with 1 Â 10 6 K7M2 WT cells. One or two weeks after infection, mice were euthanized to determine the metastatic nodules on the lungs. A, The changes of body weight of the mice. B, Representative images of the lungs. C, Quantitative analysis of lung metastasis nodules on the surfaces of the lungs of the mice. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 by an unpaired two-tailed t test (vs. control). D, H&E staining of lung metastatic nodules (week 1 group). Representative images are shown (left). The numbers of metastatic nodules were counted. Ã , P < 0.05; ÃÃ , P < 0.01 an unpaired two-tailed t test (vs. control). E and F, Immunofluorescence analysis of F4/80 þ TAMs in the spleen of mice (week 1 group). E, Representative images are shown. F, Quantification of the F4/80 þ cells in the spleen. ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 by an unpaired two-tailed t test (vs. control). G and H, Immunohistochemical staining of F4/80 and CD209 in the metastatic tumor tissues of mice (week 1 group). G, Representative images are shown. H, Quantification of the CD209 þ and F4/80 þ areas in lungs. Ã , P < 0.05; ÃÃ , P < 0.01 by an unpaired two-tailed t test (vs. control). These data were generated from two independent experiments with two time points (n ¼ 4 mice).
few medium metastatic nodes were found. However, many metastatic nodes of various sizes appeared in control mice ( Fig. 5B and C). ATRA did not affect the body weight of the mice (Fig. 5D ), but inhibited the polarization of M2-type TAMs (Fig. 5E and F) . We conclude that ATRA inhibited pulmonary metastasis of osteosarcoma cells through a mechanism that skews macrophages toward the M2 phenotype.
ATRA blocks activation of gene transcription related to M2 polarization
To understand the mechanisms involved, we asked whether ATRA could affect several transcription factors or signaling pathways required for macrophages to switch their polarization to M2, such as STAT3/6 phosphorylation (27, 28) , C/EBPb activation (17, 29) , and JNK signal pathway (24) . ATRA did not inhibit activation of STAT3/6, C/EBPb, and JNK1/2 induced by IL13 and IL4 ( Supplementary Fig. S5 ). We found changes in gene expression by analysis of RNA extracted from RAW264.7 cells treated with IL13 in the absence or presence with ATRA for 12 and 24 hours (Fig. 6A) . A total of 1,273 genes (533 upregulated vs. 740 downregulated) showed the same changes in IL13-induced M2-type macrophage cells, and 1,953 genes (655 upregulated vs. 1,298 downregulated) showed the same changes in ATRAblocked cells. Of the 1,273 altered genes in the IL13-treated group, 192, named as cluster 1, were upregulated in the IL13 group, but had no change or were downregulated in the combination group; 132 genes, named as cluster 2, were downregulated in the IL13 group, but had no change or were upregulated in the combination group ( Supplementary Table S1 ).
These 324 inversely altered genes were visualized with TreeView ( Fig. 6B ) and submitted to David functional annotation clustering analysis ( Supplementary Table S2 ). The results revealed that these changed genes were involved in secreted factors (89), vasculature development (26) , apoptosis (36) , inflammatory response (16) , cell adhesion (27) , cell junction (31) , cell migration (16) , cell motion (22) , and collagen degradation (4). We then selected several M2 macrophage marker genes to explore the effect of ATRA on the transcription program. We found that IL13 activated the transcription of MRC-1, CCL-1, IL10, IL13RA2, MMP13, VEGFC, CCR2, and PPAR-g, but ATRA inhibited the transcription of these genes (Fig. 6C ). Real-time PCR was used to verify the inhibition effect of ATRA on the M2 polarization of macrophages (Fig. 6D) . Therefore, our results suggest that ATRA could block activation of M2 polarization-related transcription induced by IL13.
ATRA blocks secretion of MMP12 in M2 TAMs to slow metastasis
M2 TAMs regulate tumor cell migration/invasion through secreting proangiogenic factors (30, 31) . We focused on the changes of proangiogenic factors to understand the mechanism of the antimetastasis effect of ATRA. We found that ATRA could antagonize IL13-induced upregulation of secreted factors and metastasis-related factors which were involved in vasculature development, cell migration, cell junction, and collagen degradation (Fig. 7A) . Migration on and through extracellular matrix is a necessary aspect of cell migration. Matrix metalloproteinases (MMP) are a family of zinc-dependent enzymes that can degrade the extracellular matrix (32) . ATRA regulates MMP9 production in macrophages (33) . Because we found MMP12, MMP13, and MMP14 variable in IL13 and IL13 plus ATRA groups (Fig. 7A) , we focused on regulation of MMPs. Real-time PCR was further performed to verify the changes of those three genes. MMP12 and MMP13 showed inverse expression patterns between IL13 and IL13 plus ATRA groups upon 12-and 24-hour treatment, whereas MMP14 and MMP9 did not (Fig. 7B) . ELISA results demonstrated that IL13 enhanced secretion of MMP12 in RAW264.7 cells (12 hours: 332.6 pg/mL in IL13 vs. 65.0 pg/mL in control; 24 hours: 658.7 pg/mL in IL13 vs. 175.7 pg/mL in control). The secretion was blocked by ATRA (216.7 pg/mL in 12 hours, and 319.8 pg/mL in 24 hours; Fig. 7C ), which was consistent with our microarray and RT-PCR results. ATRA did not block secretion of MMP13 induced by IL13 at 12 and 24 hours, and only blocked 25% MMP13 secretion at 48 hours (Fig. 7C ). The production of MMP9 was also not enhanced by IL13. Instead, ATRA had a stimulation effect on the production of MMP9 (Fig. 7C ), suggesting that MMP9 is not responsible for ATRA's antimetastasis effect. Thus, ATRA inhibited secretion of MMP12 induced by IL13 in RAW264.7 cells.
We evaluated the effect of MMPs on the invasion of K7M2 WT cells by using mmp408, a biosynthesis inhibitor which is profiled for cross-species MMP12 activity (34) . mmp408 inhibits human MMP12, but is 50 times less effective against mouse MMP12. Therefore, we used mmp408 at 160 nmol/L, a concentration reported to inhibit mouse MMP12, to treat K7M2 WT cells. We confirmed that mmp408 did not affect proliferation and survival of K7M2 WT cells ( Supplementary Fig. S6A ). mmp408 abrogated the invasion-promoting effect of IL13 or IL4 induced M2-like macrophages in K7M2 WT cells ( Fig. 7D and E) , indicating that inhibition of secretion of MMP12 or other MMPs may be critical to the antimetastatic effect of ATRA. We then introduced antibodies to MMP9 and MMP12 to functionally neutralize the activity of MMP9 and MMP12. The MMP12 antibody abrogated RM-enhanced invasion ability of K7M2 WT cells, whereas the MMP9 antibody did not ( Fig. 7F and G) . Thus, ATRA may affect production of MMP12 by M2 macrophages, reducing their ability to invade osteosarcoma cells.
We determined the MMP12 expression in murine osteosarcoma metastatic tissues by immunohistochemistry assay. Four representative cases with different MMP12 expression levels were Inhibiting the secretion of MMP12 in M2 macrophages is critical to ATRA's antimetastatic effect. A, Heatmap display of annotation cluster of secreted factors and metastasis-related factors. B, Real-time PCR validation of the MMP12, MMP13, MMP14, and MMP9 genes in RAW264.7 cells treated with IL13 alone or with 1 mmol/L ATRA for 12 and 24 hours, respectively. Data, mean AE SD from three independent experiments. C, Determination of MMP12, MMP13, and MMP9 secretion by ELISA in conditioned supernatants of RAW264.7 cells. Data, mean AE SD from three independent experiments. Ã , P < 0.05 by an unpaired two-tailed t test (vs. untreated control). #, P < 0.05 by an unpaired two-tailed t test (vs. IL13 treatment). D and E, mmp408 inhibited the invasion of K7M2 WT cells. K7M2 WT cells were treated with RM in the presence of 160 nmol/L mmp408 for 24 hours, and the cell invasion ability was determined by Matrigel invasion assay. D, Representative images are shown. E, Quantitative analysis of invaded K7M2 WT cells. Bars, mean AE SD (n ¼ 3). Ã , P < 0.05 by an unpaired two-tailed t test (vs. untreated control). #, P < 0.05; ##, P < 0.01 by an unpaired two-tailed t test (vs. combination). F and G, The effect of anti-MMP9 and anti-MMP12 antibodies on the invasion of K7M2 WT cells. K7M2 WT cells were treated with RM in the presence of anti-MMP9 or anti-MMP12 antibodies for 24 hours and the cell invasion ability was determined by Matrigel invasion assay. F, Representative images are shown. G, Quantitative analysis of invaded K7M2 WT cells. Bars represent mean AE SD (n ¼ 3). Ã , P < 0.05; ÃÃ , P < 0.01 by an unpaired two-tailed t test (vs. untreated control). #, P < 0.05 by an unpaired two-tailed t test (vs. combination). H and I, Immunohistochemical staining of MMP12 in metastatic tumor tissues. H, Four representative cases with different MMP12 expression levels were shown. I, The expression levels of MMP12 in 22 detected osteosarcoma tumor tissues were graded and summarized in pie charts. "À": negative; "þ": low; "þþ": medium; "þþþ": high positive. J and K, Immunohistochemical staining of MMP12 in metastatic lung tissues of the mice treated with clodronate liposomes or/and ATRA. J, Representative images are shown. K, Quantification of the MMP12 þ area in lungs. ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 by an unpaired two-tailed t test (vs. control).
shown (Fig. 7H ). As indicated in Fig. 7I, 19 of 22 osteosarcoma cases (86.4%) showed MMP12 immunoreactivities, indicating the importance of MMP12 in osteosarcoma. We found that ATRA reduced expression of MMP12 in metastatic tumor tissues of the mice treated with clodronate liposomes and ATRA when compared with the control (Fig. 7J and K) . Altogether, our results suggest that inhibiting the secretion of MMP12 in M2 macrophages is critical to ATRA's antimetastatic effect in osteosarcoma cells.
Discussion
M2 TAMs play a critical role in cancer metastasis (35, 36) and could potentiate metastatic cells. Here, we demonstrated that M2 polarization of TAMs promoted pulmonary metastasis of osteosarcoma cells. This result suggested that M2 macrophages might be appropriate targets for antimetastasis therapy of osteosarcoma patients. We established that ATRA inhibited M2 polarization of macrophages and could abrogate pulmonary metastasis of osteosarcoma through reducing the infiltration of M2-type macrophages in vivo. Our results identified ATRA as a promising agent to target M2 macrophages for future antimetastasis therapy of osteosarcoma.
M2 TAMs represent an attractive target of biological therapies for cancers. Trabectedin (ET-743), a licensed anticancer agent, is selectively cytotoxic for TAMs, thus engaging macrophage intervention in therapeutic settings (37) . Preventing cancer metastasis through inhibiting M2-type macrophages might be an attractive and feasible strategy in cancer therapeutics. ATRA inhibits tumor invasion and metastases (22, 38) . Myeloid-derived suppressor cells (MDSC) promote tumor angiogenesis and metastasis (39); ATRA could induce differentiation of MDSCs (40) . Administration of ATRA to patients with metastatic renal-cell carcinoma resulted in a substantial decrease in the number of MDSCs and improved antigen-specific response of T cells and metastatic disease (41) . Hence, MDSCs are potential targets for ATRA in cancer therapeutics. Here, we reported that ATRA could reduce pulmonary metastatic nodes of osteosarcoma and attributed this effect to inhibition of M2-type macrophages. As MDSCs share some properties and gene expression profiles with M2 TAMs, it is likely that, by nature, MDSCs skew toward the M2 orientation. However, the MDSCs are complex. Study of the connection between MDSCs and M2 TAMs is warranted. Our in vivo study found that ATRA decreases the number of macrophages, as the number of F4/80 þ cells decrease in both spleen and lungs after ATRA treatment, which suggests that ATRA may deplete macrophages in vivo. However, both our in vitro and other's studies suggest that ATRA was not toxic to macrophages (23) . Considering that ATRA can induce tissue-specific localization and functional polarization of macrophages (42) , we cannot rule out the possibility that ATRA may affect the recruitment or localization of macrophages in vivo.
TAMs in tumors may be derived from circulating monocytes or resident macrophages. TAMs are almost entirely derived from peripheral blood monocytes recruited into the tumor from the local circulation (rather than resident macrophages; refs. 43, 44) . Glioma stem cells recruit TAMs and support the tumor-promoting M2 subtypes, indicating a preferential recruitment of peripheral macrophages (45) . Despite indications that resident macrophages are not critical, both resident microglia and blood-derived monocytes generate the pool of macrophages that infiltrate brain tumors of either primary or metastatic origin (46) . Therefore, both resident and recruited macrophages regulate neoplastic cell proliferation, survival, and invasion. Future work should focus on exploring the full spectrum of macrophage polarization, uncovering mechanisms of transformation of polarization, and finding the approach to target macrophages for tumor therapeutics. Our study found that ATRA prevents migration of osteosarcoma cells via blocking the M2 polarization of TAMs. Thus, we propose that ATRA is a promising antimetastatic agent for osteosarcoma therapeutics.
We used both a long-term established RAW264.7 cell line and primary macrophages (BMDMs) for in vitro experiments. The RAW264.7 cell line was established from murine tumors induced by Abelson leukemia virus; these tumors express properties of macrophages (47) . How this might affect ATRA's response remains unclear. Further studies using other macrophage cell lines or a better cell model, such as macrophages isolated from tumor-bearing lungs, are needed to confirm our hypothesis.
Studies have shed new light on the transcriptional mechanisms of macrophage development and activation (27) . The STAT3/6 family and the nuclear receptor PPAR-g are transcription factors that translate signals and polarize macrophages into M2 phenotype. We found that STAT3/6 and C/EBPb were not regulated by ATRA ( Supplementary Fig. S5 ). However, PPAR-g was activated by IL13, whereas ATRA inhibited the activation. Therefore, PPAR-g is a regulator of M2 polarization of macrophages. Further studies on the specific role of PPAR-g in ATRA-inhibited M2 TAM are required.
Tumor metastasis and invasion of secondary organs or tissues requires that physical barriers, such as the endothelial basement membrane, be crossed. MMPs are endopeptidases with the ability to degrade extracellular matrix protein and facilitate tumor cell metastasis (48) . In our microarray study, mRNA levels of MMP9, MMP12, MMP13, and MMP14 were regulated by IL13. However, RT-PCR and ELISA results confirmed downregulation by ATRA during the M2 polarization process only for MMP12. MMP12 is an elastolytic metalloproteinase secreted by inflammatory macrophages (49) . In many cancers, MMP12 expression correlates with metastatic phenotype, such as non-small cell lung cancer (50), hepatocellular carcinoma (51), and squamous cell cancer (52) . MMP12 is also amplified in osteosarcoma (53) . Our immunohistochemistry staining results showed expression of MMP12 in tumor metastatic nodes (control group). ATRA treatment decreased the expression of MMP12. The antibody against MMP12 could abrogate RM-enhanced invasion ability of K7M2 WT cells. These results suggested that MMP12 might affect ATRAcontrolled M2 polarization and ATRA-inhibited osteosarcoma metastasis. However, ATRA also encourages production of MMP9 in macrophages (23, 33) . Our results agree with the finding that ATRA alone can stimulate the production of MMP9 (33) . The effect of IL13 is very weak, suggesting that MMP9 may not responsible for the antimetastatic effect of ATRA on M2 TAMs. We used the antibody against MMP9 in the invasion assay, and the results indicated that anti-MMP9 antibody had an inhibitory effect on the invasion of K7M2 WT cells induced by CM (32.0% and 45.7% inhibition in the IL13 and IL4 groups, respectively), but the effect of anti-MMP12 antibody is much stronger (62.4% and 68.6% inhibition in the IL13 and IL4 groups, respectively). RAW264.7 cells release more MMP12 than MMP9, whereas K7M2 WT cells secrete more MMP9 than MMP12 (Supplementary Fig. S6B and S6C) , which could explain this phenomenon. Thus, we hypothesize that MMP 9 is more important in K7M2 WT cells, and MMP12 is responsible for the effect of macrophages.
In summary, we demonstrate that M2 polarization of macrophages promotes pulmonary metastasis of osteosarcoma cells, whereas ATRA discourages metastasis by inhibiting M2-like macrophages. Our results link TAM to the antimetastatic effect of ATRA. Our findings may lead to clinical applications of ATRA to target TAMs for osteosarcoma metastasis intervention.
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